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Abstract: The estimation of the size and location of defects in multi-layered composite structures by 

ultrasonic non-destructive testing using guided waves has attracted the attention of researchers for 

the last few decades. Although extensive signal processing techniques are available, there are only 

a few studies available based on image processing of the ultrasonic B-scan image to extract the size 

and location of defects via the process of ultrasonic non-destructive testing. This work presents an 

image processing technique for ultrasonic B-scan images to improve the estimation of the location 

and size of disbond-type defects in glass fiber-reinforced plastic materials with 25-mm and 51-mm 

diameters. The sample is a segment of a wind turbine blade with a variable thickness ranging from 

3 to 24 mm. The experiment is performed by using a low-frequency ultrasonic system and a pair of 

contact-type piezoceramic transducers kept apart by a 50-mm distance and embedded on a moving 

mechanical panel. The B-scan image acquired by the ultrasonic pitch-catch technique is denoised by 

utilizing features of two-dimensional discrete wavelet transform. Thereafter, the normalized pixel 

densities are compared along the scanned distance on the region of interest of the image, and a −3 

dB threshold is applied to the locations and sizes the defects in the spatial domain. 

Keywords: defect; composite; image processing; discrete wavelet transform; nondestructive testing; 

guided waves; glass fiber-reinforced plastic 

 

1. Introduction 

Composite structures made of glass fiber-reinforced plastic (GFRP) or carbon fiber-reinforced 

plastic (CFRP), such as a wind turbine blade (WTB) or a wing of an aircraft, are often subjected to 

cyclic loading, which leads to defects and delamination usually initiated at the microscopic or 

macroscopic level on the surface of the structure [1,2]. The detection of defects can be conducted by 

either of two ways: destructive or non-destructive testing (NDT). There are many non-destructive 

techniques; however, NDT using guided waves (GWs) has distinct advantages over other techniques. 

GWs are particularly useful for NDT and structural health monitoring (SHM) applications, because 

large areas can be interrogated with relatively few numbers of transducers [3–6]. Moreover, GW 

testing requires only minimal measurements to extract internal and surface defects in the large and 

complex composite structures [6–8]. 



Electronics 2019, 8, 315 2 of 16 

 

Non-contact ultrasonic GW testing techniques can cover the large surface area of the object being 

investigated. However, they have certain limitations due to the layered structures, thick size, and low 

acoustic contact between the transducers and contact surface [9]. On another hand, in the field of 

contact ultrasonic testing, most of the research and commercial testing of WTBs has been performed 

by either pulse-echo technique (the same transducer operates as a transmitter and a receiver) [10,11] 

and ultrasonic phased array (many transducers are connected to form an array) [12,13]. The real-time 

testing of WTB is quite challenging because of its composite and thick structure and the possibility of 

only one-sided access. Hence, more research is required in this field [14]. Moreover, there are some 

limitations associated with pulse-echo and ultrasonic phased array techniques. The pulse-echo 

technique is less flexible and unsuitable for large structures, and the phased array method is 

expensive and complex due to the added number of devices. This provides the motivation to develop 

measurement techniques based on a pitch-catch operation by only using two transducers, which is 

more flexible as compared with the pulse-echo technique and more economical as compared with the 

phased array method. However, the experimental data and results are not enough to identify the 

location and size of the defects. The experimental data must be processed either by signal processing 

or image processing techniques. 

The objective of this work is to estimate the size and location of disbond-type defects located on 

a GFRP sample possessing a variable thickness by using ultrasonic GWs and an image processing 

technique. A mechanical machining process was used to create defects. The experiment was 

performed with a low-frequency (LF) ultrasonic system and a pair of similar piezoceramic ultrasonic 

transducers operating in a pitch-catch mode. The transducers are very sensitive to the amplitude 

(pixel density in the context of the image) variations of out-of-plane waves. In the first experiment, the 

dispersion curve was acquired in order to show the dominant A0 mode. Afterward, linear scanning 

was performed over the defective regions to acquire the B-scan image. In the next step, image 

denoising was performed by using two-dimensional discrete wavelet transform (2D-DWT). 

Afterward, the region of interest (ROI) was selected in such a way that faster modes of guided 

ultrasonic waves interacted more intensively with the defective region. The normalized pixel 

densities along the scanned distance were then estimated, and the application of a −3 dB threshold 

provided information about the location and size of the defects. 

2. Background 

2.1. Guided Wave Propagation in Composite Structures 

Prior studies provided evidence of the utilization of GWs to estimate damages and defects in 

various structures, including pipes [15–17], concrete structures [18,19], metals [20], and composite 

structures [21–27]. However, the interaction of GWs with multi-layered composite materials such as 

GFRP and CFRP may lead to the scattering, reflection, mode conversion, etc. of GWs. Although the 

detection of defects is possible by experimental scanning, identifying the size and location of defects 

requires the post-processing of experimental results. The possible mechanisms that may occur during 

the interaction of ultrasonic GWs with the layered structure of composites are reflection or refraction 

of wave modes, scattering, and mode conversions. This increases the complexity of the received 

ultrasonic signals, so that the extraction of defect-related information becomes very difficult. Hence, 

the post-processing of experimental results is required for the estimation of the size and location of 

defects in composite material. 

2.2. Image Processing Technique 

The post-processing of GW signals becomes even more critical in the case of a B-scan image, 

which has significantly much less information as compared with the conventional C-scan image. 

Either a signal processing or image processing approach can be applied to improve the accuracy in 

the measurement. Many signal processing techniques have been used for the refinement of 

experimental results by analyzing the amplitudes, phase velocity, instantaneous frequencies, or time 

of flight of the received signals [4,28–32]. However, the consideration of the experimental results as 
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an image requires an effective image processing technique to extract the defect features. An image 

processing technique in ultrasonic testing is used to denoise the image in order to extract the 

information about the presented defects. On the basis of prior studies, the image processing and 

denoising methods in the field of ultrasonic NDT of composite structures include image correlation, 

2D-DWT, two-dimensional empirical mode decomposition (2D-EMD), two-dimensional variational 

mode decomposition (2D-VMD), etc. [33–36]. Apart from other parameters, the selection of image 

processing for the estimation of the size and location of defects from a B-scan highly depends on the 

type of transducers, variations in the pixel densities along the scanned distance, and the size of the 

defect. 

There are many transformation techniques available for denoising an image, including Wiener 

filter processing, median filter, mode decomposing techniques such as EMD and VMD, etc. However, 

DWT has certain advantages as compared with short-time Fourier transform (STFT) and mode 

decomposition techniques in terms of variable window size [32,37]. Moreover, DWT provides 

temporal information in addition to amplitude and frequency information, which is lost in other 

transformations [38]. 

DWT subsequently reduces granular and structural noise from ultrasonic B-scans acquired by 

ultrasonic NDT of composite structures [39–41]. In the process of DWT, the signal-to-noise ratio 

(SNR) is improved, which, in turn, increases the probability of identifying the location and size of the 

defects. The decomposed signals are called wavelets, and wavelet transform is the correlation 

between the time-domain signal and the elementary wavelets. The basic principle of wavelet 

denoising depends on signal preservation by reducing the smaller amplitude components 

irrespective of frequency. By altering the wavelet coefficients, denoising can be achieved [42,43]. 

Image transformation from the spatial domain to the frequency domain using DWT is performed by 

hierarchical functions [44]. 

In order to denoise an image, 2D-DWT is performed, which includes the application of one-

dimensional DWT in sequence along the rows and columns respectively [45]. In single dimensional 

DWT (1D-DWT), there is one L sub-band and one H sub-band corresponding to the low-pass filter 

(LPF) and high-pass filter (HPF), respectively. Decomposition using 2D-DWT can be described as 

follows: 

 There will be four sub-bands LL, LH, HL, and HH in the wavelet domain after one level of 2D 

decomposition. 

 After convolving the LPF in both directions (horizontal and vertical), the LL sub-band is 

generated, which basically represents the approximated image. 

 After convolving the LPF in the horizontal direction and the HPF in the vertical direction, the 

LH sub-band is produced, which, in general, represents the vertical characteristics of an original 

image. 

 The HL sub-band represents the horizontal characteristics of the image. It is generated by the 

reverse process of that performed to produce the LH sub-band. Hence, convolving the HPF in 

the vertical direction and convolving the LPF in the horizontal direction is performed. 

 After convolving the HPF in both directions (horizontal and vertical), the HH sub-band is 

generated, which basically represents the diagonal edge characteristics of the image. 

 The noise is mostly concentrated in the HH sub-band, while the LL sub-band contains most of 

the image features. 

The process is repeated depending on the number of decomposition levels. 

If M is the maximum level of decomposition, the kth level of decomposition can have any value 

between 1 and M and can be expressed by following Equation (1) [46]: 

� = ����� (1) 

where N is the length of original signal x[n]. 

The soft threshold technique with a universal threshold is widely used for manipulating the 

wavelet coefficients, especially in the presence of correlated noise [47]. The appropriate noise 

threshold, using a universal threshold for the detailed components, can be expressed as follows [46]: 
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��������������2log (�) (2) 

where ��
������������� is the estimated noise level. 

There are different mother wavelets or wavelet families. However, Daubechies (db) wavelet, due 

to orthogonality in nature and energy preserving capabilities, is preferred here [30,48]. After 

denoising by discarding the wavelet coefficients using an appropriate threshold, inverse 2D-DWT 

(2D-IDWT) is performed to reconstruct the denoised B-scan image. In order to distinguish between 

defect-free and defective regions, an amplitude detection (pixel densities in context of the image) 

technique is generally applied with an appropriate decision level to distinguish between the 

amplitude/pixel variations [37]. In this way, the approximate size and location of the defects can be 

estimated. 

3. Experimental Analysis 

3.1. Object of Investigation 

A segment of WTB constructed from GFRP was considered here. The schematic of the WTB 

segment and a photo of the sample containing a disbond of 25 mm on the inner side of the main spar 

are shown in Figure 1. 

 

Figure 1. Showing a schematic of a typical segment of a wind turbine blade (WTB) and a photo view 

of the inner side of the sample containing a disbond of 25-mm diameter. GFRP: glass fiber-reinforced 

plastic. 

The defect was created artificially by using a mechanical technique called a milling method. The 

sample of WTB had variable thickness in the region without defects, as well as in that with defects. 

The thickness of the sample was in the range of 20–23 mm in the region of no defects, whereas it was 

3–5 mm in the region containing a defect with a 25-mm diameter. The defect was not visible during 

the experimental analysis, because the scanning of the ultrasonic transducers was performed on the 

other (outer) side of the sample. 

3.2. Devices and Experimental Set-up 

Point-type contact ultrasonic transducers constructed from piezoceramic (Pz29) were used in the 

experiments. The characteristics of transducer are presented as follows [38,49]: 

 The center frequency of transducers was 190 kHz. 

 The −6 dB bandwidth was up to 250 kHz. 

 The −10 dB bandwidth was in the range from 35 kHz to 640 kHz. 

 The diameter of the conical-shaped protection layer equipped at the bottom of the transducer 

was 0.2 mm. 
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The LF ultrasonic system “Ultralab” was used in this research to perform the experiment. All the 

components, including the transducers and the LF ultrasonic system, was developed at the 

Ultrasound Research Institute of Kaunas University of Technology. The characteristics of the LF 

ultrasonic system are presented in Table 1 [31,32,37]. 

Table 1. Characteristics of the LF ultrasonic system “Ultralab”. 

Parameters Numerical Value 

Number of channels 2 

10 Number of bits of the analog-to-digital converter 

Frequency range 20 kHz–2 MHz 

Maximum system gain 113 dB 

Resolution of the mechanical scanner 20 µm 

The interface between the system and computer USB V.2 

Before inspecting the sample for the analysis of defects, a linear scanning in the defect-free region 

was performed to estimate the dispersion curve. One contact type transducer was kept fixed and 

excited by 250 V, 150 kHz, and a 3-period burst-type signal, while another transducer was scanned 

away up to 200 mm with a scanning step of 1 mm to record the GW signals. Glycerol was used as a 

coupling liquid to maintain the acoustic contact between the sample and the transducers. A photo 

view of the experiment is presented in Figure 2a, and the acquired B-scan is shown in Figure 2b. In 

the ultrasonic NDT, two-dimensional fast Fourier Transform (2D-FFT) is used to transform the B-

scan (time–distance measurements) into the phase the velocity–frequency domain [30,32,50]. The 

basic principle of 2D-FFT is the representation of GW propagation by the transfer function (H) of 

arrival time and scanning distance. This in turn is transformed into the frequency (f) − wavenumber 

(k) space [51,52], and therefore, the phase velocity characteristics can be obtained along the frequency. 

The dispersion curve is presented in Figure 2c. 

Both contact-type transducers are very sensitive to pick up A0 mode, and that is why the 

dominant A0 mode is clearly observed in Figure 2c with a phase velocity of 1160 m/s at 150 kHz 

excitation frequency. Therefore, for further investigation of such a sample, A0 mode will be the 

interesting mode of consideration when using the same contact-type transducers. The wavelength of 

A0 mode at 150 kHz was 7.73 mm. 

 
(a) 
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(b) (c) 

Figure 2. Estimation of dispersion curve: (a) photo view of the experiment, performing linear scanning 

in the defect-free region; (b) B-scan image; and (c) dispersion curve after the application of two-

dimensional fast Fourier Transform (2D-FFT). 

In the next experiment, scanning over the defective regions was performed. The schematic of the 

experimental set-up with the LF ultrasonic system, location of transducers, and 25-mm disbond-type 

defect is presented in Figure 3. During the entire experiment, the defect was not visible, as the 

experiment was performed on the outer side of the sample. The scanning was performed across the 

surface, and it covered the region of the leading edge, main spar, and trailing edge of the WTB. 

Therefore, the thickness of the multi-layered material varied from 3 to 23 mm, which added more 

complexity to the estimation of the defects. However, the defect itself was located on the main spar 

of the sample (segment of the WTB), and the thickness of the structure in the defective region was 

between 3 and 5 mm. 

 

Figure 3. Experimental set-up showing the connection of transducers with the LF ultrasonic system 

for linear scanning over the defective regions. 



Electronics 2019, 8, 315 7 of 16 

 

A pair of ultrasonic contact-type piezoceramic transducers, as used in the previous experiment 

(see Figure 2a), was used as a transmitter–receiver to scan the sample. However, in this experiment, 

both transducers were mounted on a mechanical unit and separated by an optimal distance of 50 

mm. The transducers operated in thickness mode and, thus, were more sensitive to transmit/generate 

the out-of-plane asymmetric (A0) guided waves possessing the dominant out-of-plane component. 

The distance of 50 mm ensured the required resolution, and it was selected to be equal for the few 

wavelengths of the A0 mode. The wavelength (λ) of the dominant A0 mode was 7.73 mm at the 

excitation frequency of 150 kHz. That is why the separation distance of 50 mm (approximately equal 

to 7 λ) was selected. 

Possible effects due to wave interference and cross-talk were prevented by insulating both 

transducers from the casing of the holder. As this technique depends on the amplitude variations, 

the constant contact pressure had to be maintained throughout the scanning process. The contact 

pressure was kept constant by using spring-type holders of the transducers. 

The schematic and photo view of the pair (transmitter–receiver) of transducers are shown in 

Figures 4a–b. The transmitter was excited by 250 V, 150 kHz, and a 3-period burst-type signal with 

Gaussian symmetry, and the receiver recorded the guided wave signals at each 1 mm up to the 

scanning distance of 450 mm. The distance between the initial scanned point and the nearest edge of 

the defect was 215 mm. The B-scan image along the spatial range (0–450 mm) and time (0–400 µs) is 

presented in Figure 5. It is also observed that the defect-free region is noisier in the spatial range (0–

200 mm) as compared with that in the spatial range (250–450 mm). The reason behind this is that the 

thickness of the multi-layered structure varied from 23 mm up to 3 mm during the scanning. A thicker 

and more complex segment of layered structure produces mode conversions, scattering, reflections, 

and generation of higher order modes. 

 

 
(a) (b) 

Figure 4. Showing (a) a schematic of the arrangement of transducers (transmitter–receiver pair) on a 

moving panel and (b) a photo view of transducers. GW: guided waves. 
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Figure 5. Acquired B-scan image after scanning over the 25-mm disbond-type defective region. 

As transducers are more sensitive to out-of-plane A0 waves, the scattered, reflected, and mode-

converted guided waves possessing the dominant out-of-plane component can be clearly observed 

in the region of defect. In our previous works with the similar kind of transducers, it was already 

observed that the amplitude of the dominant A0 component of the propagating GW decreased 

significantly in the region of defects due to one of the possible wave mechanisms (e.g., dispersion, 

scattering, reflection, mode conversion, etc. [10,24,53]. Hence, the detection of the defective region is 

possible in the B-scan image (Figure 5). However, the estimation of size, location, and characterization 

of the defect-free and defective regions of structure require the processing of the experimental B-scan 

image. As discussed in Section 1, image processing techniques were used to extract the defect 

features. 

4. Results and Discussions 

The image processing of the experimental B-scan requires pre-processing, image denoising, and 

the extraction of defect features from the denoised image. The image processing technique utilized 

in this work is presented in Figure 6. 
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Figure 6. Descriptive flow chart showing the sequential steps of the image processing of the B-scan 

image. RGB: red, green and blue; 2D-DWT: two-dimensional discrete wavelet transform; ROI: region 

of interest; and p-p: peak-to-peak. 

The sequential steps performed in the process are as follows: 

 The first step involves preprocessing the acquired B-scan image from the experiment. The 

preprocessing of the image is required to convert the image into the compatible format for the 

denoising. Most of the image denoising processes and transformations work better for a gray-

scale image as compared with an RGB image (Figure 4b). Hence the RGB image of the B-scan 

was converted into a gray-scale image, as shown in Figure 7a. 

 The contact-type transducers operate in thickness mode, which is more sensitive to the 

amplitude variations along the scanned distance. Concerning the image processing, the 

variations in the orientation and densities of the pixels would be a key factor in the process of 

estimating the size and location of the defect. The considerable amount of changes in the pixel 

densities could lead to identifying the location and size of the defect. However, before 

proceeding to the defect estimation, the first step is to denoise the image in order to remove the 

structural and non-stationary noise from the B-scan image. As discussed in Section 2, the eight-

level decomposition with db8 mother wavelet of DWT and soft threshold with a universal 

threshold is used for denoising the image. The denoised image after the application of inverse 

2D-IDWT is shown in Figure 7b. 

 In the next step, the region of interest of the image (ROI) is selected by applying the appropriate 

time window of (0–55 µs) to the denoised image. The selection of the specific time window was 

on the basis of intensive interaction of the GWs with the defect in this time interval. The denoised 

ROI image is presented in Figure 7c. 

 The pixel values of the ROI image are normalized between 0 and 1. The image is regenerated 

and shown in Figure 7d. 

 In the last step, the shades of the image (Figure 7d) are flipped for the final processing. The image 

generated by flipping the shades is shown in Figure 7e. 
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(a) (b) 

   
(c) (d) (e) 

Figure 7. The image processing of the B-scan image: (a) Gray-scale image of the experimental B-scan; 

(b) denoised image after processing by 2D-DWT; (c) ROI image after applying the time window on 

the denoised image; (d) regenerated ROI image by normalizing the pixel values between 0 and 1; and 

(e) image generated by flipping the shades of the image (inverting the pixel values). 

In order to estimate the size and location of the 25 mm defect, the peak-to-peak (p-p) normalized 

pixel intensities of the image (Figure 6e) along the scanned distance (0–450 mm) was obtained and is 

presented in Figure 8. In ultrasonic NDT, the decision level (−3 dB) is very common, especially for 

the comparison of amplitudes of propagating waves [37,54]. By selecting the −3 dB threshold, the 

detection of the defect is clearly visible. The size and location of the 25 mm defect are measured as 34 

mm and 205 mm, respectively. Subsequently, the relative errors in the estimation of the size and 

location are 36 and 4.65%, respectively. Although the accuracy in the size of the defect is significantly 

higher, the accuracy in the estimation of the location of the defect is low. There are many factors that 

may limit the accuracy of estimating the size and location of the defect by using the presented 

methodology: 

 This technique is not suitable to estimate microcracks, because the linear ultrasonic technique 

used in this research is valid if the diameter of the defects is more than the operating wavelength. 

Non-linear scanning techniques [55,56], which are very sensitive to the microcracks, can be an 

alternative for smaller defects. 

 The optimal distance between the two transducers (50 mm) is greater than the size of the defect 

(25 mm), which is one of the major limiting factors to estimate the size of the defect. However, 

the optimal distance depends on the transducer bandwidth and wavelength of the slowest (A0) 

mode. The lower value of the optimal distance (closer to the size of the defect) may increase the 

accuracy in measurement. 

 The pixel intensity (amplitude)-based approach is very sensitive to the environmental and 

operating conditions. Therefore, a constant temperature of 25 °C has been maintained during 

the experimental process. 
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Figure 8. Normalized pixel intensity distribution along the scanned distance. 

4.1. Estimation of the Defect Having a Size Greater than Optimal Distance (50 mm) of Transducers 

In order to validate the technique and understand the effect of the optimal distance (50 mm) 

between the traducers on the accuracy of the defect estimation, the defect having a diameter of 51 

mm (greater than the optimal distance between the transducers) located on the GFRP sample was 

investigated by the same experimental set-up. In comparison with the variable thickness of the 

structure during the scanning of the 25 mm defect, the thickness in this case was almost similar (10–

12 mm). The true location of the 51 mm defect was at 82 mm from the initial scanned point. The 

parameters of the excitation signal and sampling frequency were similar to those used in previous 

experiments for the investigation of 25 mm defects. The B-scan was acquired after scanning over the 

defective and defect-free regions up to 180 mm. Figure 9 presents the B-scan image along the spatial 

range of 0–180 mm and time range of 0–200 µs. 

 

Figure 9. Acquired B-scan image after scanning over the 51-mm defective region. 

In the next step, the image processing technique as described in Figure 4 was applied in sequence 

on the B-scan image. The results of image processing technique (image denoising and ROI image) are 

presented in Figures 10a–e. 
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(a) (b) 

   
(c) (d) (e) 

Figure 10. Image processing of the B-scan image in the case of the 51-mm defect: (a) Gray-scale image 

of the experimental B-scan; (b) denoised image after processing by 2D-DWT; (c) ROI image after 

applying the time window on the denoised image; (d) regenerated ROI image by normalizing the 

pixel values between 0 and 1; and (e) image generated by flipping the shades of the image (inverting 

the pixel values). 

The p-p pixel densities of the final normalized ROI image (Figure 10e) were estimated. The 

normalized p-p pixel density variations along the scanned distance (0–180 mm) are presented in 

Figure 11. The threshold of −3 dB was applied in order to estimate the size and location of the 51-mm 

defect. The estimated size and location of the 51-mm defect were 53 mm and 80.5 mm, respectively, 

with respective relative errors of 3.9 and 1.8%. Hence, the accuracy in the results was higher as 

compared with the estimation of the 25-mm defect. This confirms that the accuracy of the results also 

depends on the optimal distance between the transducers apart from the operational frequency, type 

of transducers, etc. 
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Figure 11. Normalized pixel intensity distribution along the scanned distance in the case of the 51-

mm defect. 

The comparative results in the estimation of the size and location of both the 25- and 51-mm 

defects are presented in Table 2. 

Table 2. Analysis of results. 

Parameters True Value, mm Measured Value, mm Relative Error, % 

Location of 25 mm defect 215 205 4.65 

Location of 51 mm defect 80.5 80.5 1.83 

Size of 25 mm defect 25 34 36 

Size of 51 mm defect 51 53 3.9 

5. Conclusions 

Most of the scientific research and commercial testing of composite structures possessing an 

aerodynamic shape has been performed by ultrasonic pulse-echo and phased array methods. In this 

paper, we have demonstrated the feasibility of an ultrasonic pitch-catch technique incorporated with 

image denoising and an image processing technique that allows the detection and estimation of 

disbond-type defects in a multi-layered GFRP composite structure possessing an aerodynamic shape. 

The conclusions of this work can be summarized as follows: 

 During the experiment, a pair of contact-type piezoceramic transducers fixed on a moving 

mechanical panel with a separation of 50 mm was used. This reduced the attenuation losses due 

to the longer distance between the transmitter and receiver during the scanning process. 

 The detection of defects from the experimental B-scan image was possible with significant 

accuracy. The estimation of the size and location of the defects required the post-processing of 

the B-scan image. 

 The B-scan image is denoised and processed in order to estimate the normalized pixel intensity 

distribution along the scanned distance. This subsequently allows for the analysis of the location 

and size of the 25 mm and 51 mm defects located on the main spar of the GFRP sample, which 

was a segment of a wind turbine blade. 

 Higher accuracy was achieved in the case of the 51-mm defect, which allowed us to conclude 

that the accuracy of the defect estimation of the proposed technique depends on the optimal 

distance between the transducers. The other factors that limit the accuracy of measurement of 

this technique are also discussed in detail. 
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 Incorporating this technique into automatic ultrasonic measurement systems will help make a 

reliable decision about internal defects. It also provides the motivation for the development of a 

transducer pair with the minimum possible optimal distance for the estimation of small-sized 

defects. 

In the future, studies investigating minimizing the limiting factors and incorporating signal 

processing techniques with image processing methods are needed. 
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